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Vesicle trafficking requires membrane fusion, medi-
ated by SNARE proteins, and upstream events that
probably include ‘‘tethering,’’ an initial long-range
attachment between a vesicle and its target organ-
elle. Among the factors proposed to mediate teth-
ering are a set of multisubunit tethering complexes
(MTCs). The Dsl1 complex, with only three subunits,
is the simplest known MTC and is essential for the
retrograde traffic of COPI-coated vesicles from the
Golgi to the ER. To elucidate structural principles
underlying MTC function, we have determined the
structure of the Dsl1 complex, revealing a tower con-
taining at its base the binding sites for two ER
SNAREs and at its tip a flexible lasso for capturing
vesicles. The Dsl1 complex binds to individual
SNAREs via their N-terminal regulatory domains
and also to assembled SNARE complexes; more-
over, it is capable of accelerating SNARE complex
assembly. Our results suggest that even the simplest
MTC may be capable of orchestrating vesicle
capture, uncoating, and fusion.
INTRODUCTION
Within eukaryotic cells, a collection of tethering factors is
believed to function in the initial attachment of transport vesicles
to their target membranes (Cai et al., 2007; Pfeffer, 1999).
Consistent with an ability to bridge membranes over a significant
distance, these tethering factors are large and/or elongated.
Some of them are long coiled-coil homodimers (Gillingham and
Munro, 2003), whereas others are large hetero-oligomers (multi-
subunit tethering complexes or MTCs) (Whyte andMunro, 2002).
Tethering factors interact with other components of the protein
machinery that mediates intracellular trafficking (Cai et al.,
2007). For example, most of the known MTCs have been shownto interact with SNAREs, the much smaller, membrane-
embedded proteins that assemble to bring the two membranes
into close apposition just prior to fusion (Cai et al., 2007). Many
tethering factors also interact with Rabs, small Ras-like GTPases
that have long been known to play regulatory roles in membrane
trafficking. Finally, several MTCs interact with coatomer, the
seven-subunit protein complex that forms the coat of COPI
transport vesicles. By interacting with vesicle coats, Rab pro-
teins, SNAREs, and possibly membrane lipids, MTCs are well-
positioned to orchestrate vesicle capture, docking, and/or
fusion. Despite recent progress in elucidating the composition
and localization of the MTCs, however, the mechanisms under-
lying MTC function are not well understood.
Eight MTCs have been identified, each of them implicated in
one or more distinct trafficking pathways (Cai et al., 2007; Sztul
and Lupashin, 2006; Whyte and Munro, 2002). The known MTCs
comprise 3–10 subunits each, with total molecular weights of
250–800 kDa. An essentially complete structure has been re-
ported for only one of these MTCs, TRAPP I (Kim et al., 2006).
To gain further insight into tethering factor function, we have
been studying the structure of a second, unrelated MTC, the
Dsl1 complex (Tripathi et al., 2009). The Dsl1 complex displays
weak sequence homology with three other MTCs, the exocyst,
COG, and GARP complexes (Koumandou et al., 2007; Whyte
and Munro, 2002). The Dsl1 complex is, however, architecturally
simpler than these other MTCs. Indeed, the Saccharomyces cer-
evisiae complex is composed of just three subunits, named Dsl1,
Sec39/Dsl3, and Tip20 (Kraynack et al., 2005). All three subunits
are encoded by essential genes.
A wealth of data implicates the Dsl1 complex in retrograde
trafficking of COPI vesicles from the Golgi to the endoplasmic
reticulum (ER). For example, temperature-sensitive mutations
in any of the three subunits lead to defects in Golgi-to-ER traf-
ficking (Andag et al., 2001; Kamena and Spang, 2004; Kraynack
et al., 2005; Reilly et al., 2001; Sweet and Pelham, 1993; Van-
Rheenen et al., 2001). Furthermore, temporarily shutting down
production of the Dsl1 subunit itself causes a reversible accumu-
lation of COPI-coated vesicles (Zink et al., 2009). All three Dsl1
complex subunits are ER localized, and it seems likely that theCell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc. 1119
complex functions at the surface of the ER to capture Golgi-
derived vesicles. ER localization is mediated, at least in part,
by direct interactions between the Dsl1 complex and two
different ER SNARE proteins, Sec20 and Use1 (Kraynack et al.,
2005; Tripathi et al., 2009). Vesicle capture, on the other hand,
has been proposed on the basis of genetic and physical
evidence to be mediated by a direct interaction between the
Dsl1 complex and the COPI coat (Andag et al., 2001; Andag
and Schmitt, 2003; Zink et al., 2009).
Here, we report an X-ray crystallography-based model of the
Dsl1 complex. The architecture of the complex appears well-
suited to a role in tethering at a distance, with ER- and COPI-
binding sites separated by as much as 30 nm. The ability of
the Dsl1 complex to bind simultaneously to two of the four
SNARE proteins proposed to mediate the fusion of Golgi-to-ER
trafficking vesicles raised the possibility that the Dsl1 complex
might regulate SNARE assembly. Consistent with this, we find
that the N-terminal regulatory domains of the ER SNAREs
Use1 and Sec20mediate their interaction with the Dsl1 complex.
Moreover, the presence of the Dsl1 complex accelerates SNARE
complex formation in vitro, albeit to a modest extent. Finally, we
find that the Dsl1 complex binds to fully assembled SNARE
complexes. Based on these results, we propose a model in
which the Dsl1 complex coordinates vesicle capture and SNARE
assembly upstream of membrane fusion.
RESULTS
Crystal Structure of a Dsl1/Sec39 Complex
The Dsl1 complex is composed of three 80–90 kDa subunits:
Dsl1, Sec39, and Tip20. Previously, we reported crystal struc-
tures collectively representing approximately half of the S. cere-
visiae Dsl1 complex, including the Tip20 subunit and the
N-terminal domains of the Dsl1 subunit (Tripathi et al., 2009).
Here, we present an additional crystal structure comprising the
remainder of the Dsl1 complex, including the C-terminal
domains of the Dsl1 subunit and most of the Sec39 subunit.
We initially crystallized S. cerevisiae Dsl1 residues 340–754
(Dsl1C) bound to Sec39. These crystals were not, however, suffi-
ciently well-ordered to allow structure determination, perhaps
because of a Dsl1 region (approximately residues 388–467)
predicted to lack well-folded structure (VanRheenen et al.,
2001). Using comparative sequence analysis, we noticed that
Kluyveromyces lactis Dsl1 contains a shorter region of potential
flexibility, while still retaining 29% sequence identity with
S. cerevisiae Dsl1 (Figure S1A available online). K. lactis Dsl1
residues 332–686 (Dsl1Clactis), like S. cerevisiae Dsl1C, formed
a stable complex with S. cerevisiae Sec39. More importantly,
we were able to determine the crystal structure of the
Dsl1Clactis–Sec39 complex using MAD phasing and refine it to
2.6 A˚ resolution.
Both Dsl1Clactis and Sec39 consist mostly of a helices (Fig-
ure 1A). The predicted flexible region of Dsl1Clactis is indeed
disordered: no interpretable electron density is observed for
a 57 residue segment (residues 367–423). The corresponding
segment of S. cerevisiae Dsl1 (residues 378–488) is almost twice
as long (111 residues). Importantly, the disordered region of Dsl1
contains the sequence motifs reported to bind to subunits of the1120 Cell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc.coatomer (Andag and Schmitt, 2003; Zink et al., 2009); their
inclusion within a flexible ‘‘lasso’’ may allow the Dsl1 complex
to capture COPI vesicles over a larger volume than would other-
wise be possible. The ordered portion of Dsl1Clactis contains
helix bundle domains homologous to those observed in nearly
every subunit of a non-TRAPP MTC whose structure has been
reported (Cavanaugh et al., 2007; Dong et al., 2005; Hamburger
et al., 2006; Moore et al., 2007; Richardson et al., 2009; Sivaram
et al., 2006; Wu et al., 2005; see Figure 2C). Sec39, by contrast,
displays a novel fold; in particular, its structure is unlike that of
any other known tethering complex subunit. Antiparallel
a helices, oriented perpendicular to the long axis of the 18 nm
Sec39 rod, are stacked side by side along its entire length. The
C-terminal region (residues 520–680) sharesmoderate structural
homology with other proteins containing tandem arrays of
antiparallel helices, including protein phosphatase 5 (Das et al.,
1998) and the Sec18/NSF cochaperone Sec17 (Rice and
Brunger, 1999).
The two C-terminal helices of Sec39 mediate its binding to
Dsl1C through an interface featuring extensive hydrophobic
and polar interactions (Figure 1B). To confirm the physiological
relevance of this binding mode, we designed destabilizing
substitutions in the center of the binding interface. S. cerevisiae
Dsl1C S530R/A533D (equivalent to Dsl1Clactis A467R/A470D)
failed to bind Sec39, as judged by gel filtration (Figure S1B).
Conversely, introducing the substitutions T663R and W666R
into Sec39 abolished its ability to bind Dsl1C.
Next, we carried out complementary experiments in vivo, re-
placing wild-type S. cerevisiae proteins with their mutant coun-
terparts. Neither Dsl1 S530R/A533D nor Sec39 T663R/W666R
was able to rescue a deletion of the corresponding wild-type
protein (Figure 1C). Together, these results validate the subunit
interface observed in the crystal structure and establish that
the Dsl1–Sec39 interaction is required for viability in yeast. Inter-
estingly, the other interaction responsible for the integrity of the
Dsl1 complex—between the Dsl1 and Tip20 subunits—could be
abolished without causing an obvious growth defect in yeast
(Kraynack et al., 2005; Tripathi et al., 2009). We revisited this
result by creating a milder, temperature-sensitive mutation in
the Dsl1–Sec39 interface (Dsl1 A533D) and found that it is
synthetic lethal with disruption of the Dsl1–Tip20 interface
(Figure 1D). Thus, the physiological significance of the Dsl1–
Tip20 interface is uncovered by a mutation that weakens the
Dsl1–Sec39 interface, and all three subunits appear to function
cooperatively in the operation of the complex.
Dsl1 Complex Architecture
To generate a model for the entire Dsl1 complex, we superim-
posed common regions of the Dsl1Clactis–Sec39 crystal struc-
ture and the previously determined Tip20 and Dsl1N structures
(Figure 2A). In the resulting model, the Dsl1 complex forms
a tower approximately 20 nm in height, with the Sec39 and
Tip20 subunits together forming the base of the tower. At the
tip of the tower is the flexible lasso located near the middle of
the Dsl1 subunit. Sec39 and Tip20 have previously been shown
to interact directly with two different ER SNAREs (Tripathi et al.,
2009); this interaction, which is further characterized below,
likely anchors the base of the tower to the ER membrane.
AA467
A470
A467
A470
C
D335A 1lsD1lsD
Dsl1 L55E/L58D
Dsl1 L55E/L58D/A533D
D
Dsl1
Dsl1 S530R/A533D
      Sec39 
T663R/W666R
Sec39
Sec39
Dsl1C lactis
B
N
C
N
C
666W666W
366T366T
Figure 1. X-ray Crystal Structure of a Dsl1–Sec39 Complex
(A) Ribbon representation of the complex between Dsl1Clactis (residues 332–686; red) and Sec39 (residues 1–709; blue). Dsl1Clactis residues 367–423, which are
apparently disordered, are represented by a dashed red line.
(B) Stereo view of the Dsl1Clactis–Sec39 binding interface. Dsl1Clactis is shown as a surface representation, whereas Sec39 is shown as a ribbon representation.
Side chains are included for residues involved in binding.
(C) Mutations, in either dsl1 or sec39, that disrupted the Dsl1–Sec39 interaction were lethal in yeast. Deletion strains bearing both a CEN-URA plasmid encoding
the wild-type protein and a CEN-LEU plasmid encoding the corresponding mutant protein as indicated were grown at 23C on 5-FOA plates.
(D) dsl1 mutations that disrupt the Dsl1–Sec39 interaction (A533D) and the Dsl1–Tip20 interaction (L55E/L58D) are synthetically lethal.To further validate the crystallographically derived structural
model, we used negative stain electron microscopy (EM) to
investigate the Dsl1 complex. First, we examined the stable
binary complex formed by full-length S. cerevisiae Dsl1 and
Sec39 (Figure 2B). In raw images, the Dsl1–Sec39 complex dis-
played distinct, extended shapes. 7392 particles were manually
selected and classified into 200 classes (Figure S2A). The rigid
rod-like structure of Sec39 is evident in almost all of the class
averages. The larger of the remaining appendages evidently
corresponds to the N-terminal region of Dsl1 (residues 1–339;
Figure 2B). This interpretation reveals that the relative orientation
of the N- and C-terminal halves of the Dsl1 subunit varies
dramatically among the class averages, yielding a series of
different conformations ranging from a ‘‘closed’’ conformation
that closely matches the model shown in Figure 2A to a much
more open conformation (Figure 2B). Although in principle nega-
tive staining artifacts might account for some of this variability,
we note that the putative hinge region falls at the boundary
between Dsl1 domains (Figure 2A, inset) and conclude that the
heterogeneity in the averaged images likely reflects intrinsic flex-ibility near the center of the Dsl1 subunit. Moreover, although the
crystallographically derived model places Sec39 and Tip20 in
close proximity, we have not found evidence of a stable, direct
Sec39–Tip20 interaction that would prevent flexure around
a central hinge (Tripathi et al., 2009). The different conformations
we observemight, as discussed below, reflect different stages in
a functional cycle, e.g., before and after vesicle tethering.
Since the domain structure of Tip20 closely resembles that of
Dsl1 (Figure 2C), we wondered whether Tip20 might also display
evidence of flexibility. To investigate this question, we used
negative stain EM to examine Tip20 alone (Figure S2B). Most
class averages revealed a hooked structure, in close agreement
with the previously determined crystal structure. None of these
class averages appeared to represent a well-defined extended
structure. On a domain-by-domain basis, Tip20 and Dsl1 both
resemble the exocyst complex subunit Exo70 (Figure 2C), but
Exo70 crystal structures (Dong et al., 2005; Hamburger et al.,
2006; Moore et al., 2007) revealed a straight, rod-like conforma-
tion with only limited flexibility at the domain B-C interface
(Hamburger et al., 2006). Thus, among the known structures ofCell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc. 1121
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Figure 2. Molecular Architecture of the Yeast Dsl1 Complex
(A) Modeling of the entire Dsl1 complex using crystal structures of Dsl1Clactis–Sec39, Dsl1 (PDB 3ETU), a Tip20-Dsl1 fusion protein (PDB 3ETV), and Tip20 (PDB
3FHN). Sec39, Dsl1, and Tip20 are colored in blue, red, and yellow, respectively. Regions of overlap were overlaid to yield a model representing the intact Dsl1
complex; these include Dsl1 residues 341–355 and Dsl1lactis residues 333–347 (indicated by solid ovals), Dsl1 residues 52–205 (dotted ovals), and Tip20 residues
9–32 (dashed ovals). Inset: close-up view of the proposed flexible hinge (dashed line) between domains B and C (see panel C) near the center of the Dsl1 subunit.
(B) Negative stain EM of the Dsl1–Sec39 complex. Left: typical image of a sample stained with uranyl formate (scale bar = 50 nm). Middle: representative class
averages displaying different conformations (side length = 36 nm). Right: cartoon representation of the class averages.
(C) Structural alignment of Tip20 (PDB 3FHN), Dsl1 (as modeled in A), and Exo70 (PDB 2PFV). Domains C–E were superimposed using DaliLite (Holm and
Park, 2000).1122 Cell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc.
complete (or, in the case of Exo70, nearly complete) MTC
subunits, only Dsl1 appears to be flexible. Notably, Exo70 and
Tip20 appear to be locked in very different conformations, one
straight, the other sharply hooked. Whether interactions with
additional factors (e.g., SNAREs, Rabs, phospholipids) might
‘‘unlock’’ either Exo70 or Tip20 is unknown.
Next, we examined the Tip20–Dsl1–Sec39 sample by negative
stain EM but did not initially obtain useful images; indeed, many
of the particles we observed resembled those present in the
Dsl1–Sec39 sample described above. Because the Tip20–Dsl1
interaction is weaker than the Dsl1–Sec39 interaction (dissocia-
tion constant [KD] values of 100 and 10 nM, respectively; Tripathi
et al., 2009 and data not shown), we expected the majority of
Tip20 molecules to dissociate from the ternary complex at the
concentration required to prepare useful EM samples (40 nM).
Therefore, we attempted to stabilize the intact complex by using
our earlier crystal structure of a Tip20-Dsl1 fusion protein to engi-
neer a disulfide bond linking Tip20 and Dsl1. The disulfide-con-
taining complex, Tip20(L28C)–Dsl1(L48C)–Sec39, was purified
and examined by negative stain EM. Although particle heteroge-
neity precluded the calculation of meaningful class averages, we
did observe individual particles with open and closed conforma-
tions consistent with our analysis of the binary Dsl1–Sec39
complex (Figure S2C). These results suggest that the intact
Dsl1 complex contains one or more flexible hinges but do not
allow the sites of flexibility (beyond the known Dsl1 hinge) to
be localized precisely. We conclude that the intact Dsl1 complex
is not locked in a closed conformation, at least in the absence of
additional factors.
Dsl1 Complex—SNARE Interactions
Both in vitro and in vivo, the Dsl1 complex interacts with two
different ER SNAREs, Use1 and Sec20 (Kraynack et al., 2005;
Sweet and Pelham, 1993; Tripathi et al., 2009). To explore the
functional significance of these interactions, we first attempted
to map the interacting regions more precisely. SNARE proteins
are characterized by an approximately 70 residue region called
the SNARE motif, usually sandwiched between an N-terminal
regulatory domain and a C-terminal transmembrane anchor (Un-
gar and Hughson, 2003). Four SNARE motifs assemble to form
a stable helix bundle capable of driving membrane fusion (see
Figure 6). We established previously that the SNARE Use1 binds
to Sec39 (Tripathi et al., 2009). Gel-filtration experiments showed
that the N-terminal half of Sec39 (residues 1–392) is sufficient to
bind Use1 (Figure 3A). Conversely, we found that the extreme N
terminus of Use1, residues 1–35, is necessary (Figure 3B) and
sufficient (Figure 3C) for stable binding to Sec39. Thus, the inter-
action between Sec39 and Use1 does not involve the SNARE
motif but rather a short sequence within the N-terminal regula-
tory region. Consistent with this conclusion, the mammalian or-
tholog of Sec39 was recently reported to bind the N terminus
of the mammalian ortholog of Use1 (Aoki et al., 2008). In yeast,
the replacement of wild-type Use1 with a truncated version lack-
ing the first 35 residues gave rise to a temperature-sensitive
growth defect (Figure S3). These results suggest that the
Use1–Sec39 interaction is essential at elevated temperature.
A different subunit of the Dsl1 complex, Tip20, interacts with
the ER SNARE Sec20 (Sweet and Pelham, 1993; Tripathi et al.,2009). We found that Tip20 binds the N-terminal regulatory
region of Sec20 (residues 1–174) but not the SNARE motif (resi-
dues 198–275; Figures 3D and 3E). Conversely, Tip20 residues
82–701, but not residues 357–701, bind Sec20 (Tripathi et al.,
2009 and data not shown). Therefore, Tip20 residues 82–356
are necessary for binding to Sec20. Taken together, our results
establish that two different Dsl1 complex subunits, Sec39 and
Tip20, bind directly to N-terminal regulatory sequences of two
different ER SNAREs, Use1 and Sec20 (Figure 3F).
In vivo, SNAREs cycle between unassembled and assembled
states. Since the Dsl1 complex binds to two individual SNARE
proteins, Use1 and Sec20, we sought to determine whether it
is also capable of binding to the assembled SNARE complex.
Use1 and Sec20 function in concert with the additional SNARE
proteins Ufe1 and Sec22 in mediating retrograde Golgi-to-ER
traffic (Burri et al., 2003; Dilcher et al., 2003). To reconstitute
a minimal complex containing all four SNAREs, we combined
the SNARE motifs of Ufe1 and Sec22 with the full-length cyto-
plasmic domains of Use1 and Sec20; we retained the regulatory
domains of Use1 and Sec20 because they are directly involved
in Dsl1 complex binding (see above). We also found that the
intact cytoplasmic domain of Use1 was insoluble; therefore,
we instead performed SNARE assembly experiments with
Use1–Sec39, a stable, soluble complex. Upon mixing, the four
SNAREs assembled to form a monodisperse complex (Fig-
ure 4A). The yield of assembled SNARE complexes was temper-
ature and concentration dependent (data not shown). No
assembly was observed if any one of the four SNAREs was
omitted from the mixture (Figures 4B and S4A–S4C); most
notably, the three ER SNAREs did not assemble in the absence
of the vesicle SNARE, Sec22. We obtained the same results
whenweusedasolubleUse1 fusionprotein, generatedby tagging
the N terminuswith the ribosomal chaperone trigger factor (TF), in
placeof Use1–Sec39 (data not shown). Finally, to test whether the
Dsl1 complex binds to the fully assembled SNARE complex, we
mixed four SNAREs and the Dsl1 complex and analyzed the
mixture by gel-filtration chromatography. Indeed, SNARE
complexes assembled in the presence of the Dsl1 complex, and
together they formed a stable heptameric complex, Tip20–Dsl1–
Sec39–Use1–Sec20–Ufe1–Sec22 (Figure 4C). The heptameric
complexwasalso formed if theDsl1 complexwasmixedwith pre-
formed SNARE complexes (data not shown). We conclude that
the Dsl1 complex is capable of binding both to individual SNAREs
and to SNARE complexes, and that the presence of the Dsl1
complex is compatible with SNARE complex assembly. These
conclusions are, moreover, consistent with the observation that
the Dsl1 complex engages SNARE regulatory domains rather
than SNARE motifs, since the latter undergo dramatic conforma-
tional changes during SNARE assembly.
Dsl1 Complex Accelerates SNARE Assembly
The results so far establish that the Dsl1 complex binds indepen-
dently to two different ER SNAREs and also to SNARE
complexes. To examine whether the Dsl1 complex regulates
SNARE assembly, we developed a fluorescence polarization
assay that registers the change in anisotropy of fluorescently
labeled Sec22 upon SNARE complex formation. As mentioned
above, the cytoplasmic domain of Use1 requires for its solubilityCell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc. 1123
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Figure 3. Mapping Interacting Regions between the Dsl1 Complex and the ER SNAREs Use1 and Sec20
(A) The N-terminal region of Sec39 (residues 1–392) binds TF-Use1 (residues 1–212 fused to trigger factor). Sec39 alone, Use1 alone, or an equimolar mixture
were analyzed by gel filtration.
(B) Sec39 does not bind TF-Use1DN (residues 36–216 fused to trigger factor).
(C) Sec39 binds the N terminus of Use1 (residues 1–35). Binding of Sec39 to Use1 residues 1–35, but not to Use1 residues 1–212 (data not shown), appears to
induce oligomerization as judged by performance on gel filtration.
(D) Tip20 binds the N-terminal regulatory domain of Sec20 (residue 1–174).
(E) Tip20 does not bind the Sec20 SNARE motif (residues 198–275).
(F) Summary of the interactions between the Dsl1 complex and the SNAREs Use1 and Sec20.1124 Cell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc.
either a trigger factor tag or Sec39. In preliminary experiments,
we found that the trigger factor tag itself had a significant effect
on SNARE assembly kinetics (Figure S5). To avoid this complica-
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Figure 4. SNARE Complexes and Their Interaction with the Dsl1
Complex
(A) Three ER SNAREs, Use1 (residues 1–212, stabilized/solubilized by Sec39),
Sec20 (residues 1–275), and Ufe1 (residues 240–320), together with the vesicle
SNARE Sec22 (residues 125–188), assemble to form complexes.
(B) The three ER SNAREs do not interact in the absence of the vesicle SNARE,
Sec22.
(C) SNARE complexes assemble in the presence of the intact Dsl1 complex.
Individual gel-filtration fractions were analyzed both by 10% SDS-PAGE gel
(to visualize the high-molecular-weight polypeptides composing the Dsl1
complex) and by tricine SDS-PAGE gel (to visualize SNAREs); in the figure,
the gels are separated by a dashed line.tion, we instead used Use1–Sec39 in subsequent experiments.
The measured anisotropy increased after prolonged incubation
of the four SNARE proteins, indicating that labeled Sec22 was
incorporated into a larger molecular species (Figure 5A). Gel-
filtration experiments confirmed that this species contained all
four SNAREs (together with Sec39); the anisotropy of the
complex, once purified, remained constant for several days
(data not shown). Under the conditions used, about half of the
Sec22 assembled into SNARE complexes over the course of
14 hr. Control assembly reactions, in which Sec20 or Ufe1 was
omitted, displayed little if any change in anisotropy (Figure 5A).
To evaluate the impact of the Dsl1 complex, we repeated the
experiment with different combinations of Dsl1 complex
subunits (Figure 5B). The presence of the entire Dsl1 complex
accelerated SNARE complex formation, compared to Sec39
alone. When the Dsl1 subunit was omitted, this acceleration
was essentially eliminated. Thus the Tip20 subunit, which binds
directly to Sec20, did not itself significantly enhance SNARE
assembly. To test more directly whether acceleration is depen-
dent on the integrity of the Dsl1 complex, we disrupted the
complex specifically by replacing Tip20 with Tip20DN (residues
82–701). Tip20DN, although it cannot bind the Dsl1 subunit,
retains its ability to bind Sec20 (Tripathi et al., 2009). When the
interaction of Dsl1 and Tip20 was disrupted, we found that
SNARE assembly was no longer accelerated. Therefore, the
rate enhancement is dependent on the intact Dsl1 complex. It
remains possible that Sec39 alone also affects assembly
kinetics. However, the insolubility of Use1 in the absence of
either the trigger factor tag, which itself affects assembly, or
Sec39 prevented us from addressing this possibility conclu-
sively. Finally, we have not ruled out the possibility that the three
t-SNAREs allosterically activate the Dsl1 complex for direct
binding to the v-SNARE Sec22.
DISCUSSION
X-ray crystal structures havebeenused to assemble amodel of an
intact multisubunit tethering complex of the COG/Dsl1/exocyst/
GARP family (Koumandou et al., 2007). Themodel reveals a tower
20 nm in height with a disordered lasso at its tip. This structure
appears to be highly consistent with the inferred role of the Dsl1
complex in COPI vesicle capture (Figure 6). At its base, the Dsl1
complex is anchored to the ER membrane via a bivalent attach-
ment to two different ER SNAREs, Use1 and Sec20. Consistent
with our biochemical analyses, coimmunoprecipitation experi-
ments demonstrate that near-stoichiometric quantities of Use1
and Sec20 are recovered in association with the Dsl1 complex
(Kraynack et al., 2005). The lasso, on the other hand, contains
Trp-containing sequence motifs capable of binding subunits of
the coatomer (Andag et al., 2001; Andag and Schmitt, 2003; Zink
et al., 2009). The position of these motifs at the distal tip of the
complex, within a long (111 residues in S. cerevisiae) disordered
segment capableofextending10nmormore, seems ideally suited
to the purpose of capturing COPI vesicles residing within a wide
sweep of three-dimensional space. It has recently been proposed
that binding of the vesicle to the Dsl1 complex impacts vesicle
uncoating (Zink et al., 2009). Our results imply that tethering,
uncoating, SNARE assembly, and membrane fusion may beCell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc. 1125
coordinatedby theDsl1 complex.Our structuralmodel,moreover,
provides a foundation for investigating this hypothesis further.
The Dsl1 tower is not monolithic; instead, electron microscopy
of negatively stained samples, in conjunction with image classi-
fication, indicates that it contains a flexible hinge at the center
of the Dsl1 subunit. The linkage between the Dsl1 and Tip20
subunits, mediated by an antiparallel association between
N-terminal helices, is probably flexible as well (Tripathi et al.,
2009). Thus, although in our structural model the SNARE binding
regions of Sec39 and Tip20 are relatively close to one another,
the flexible hinge(s) would allow spatial separation of these
subunits. The flexibility and/or conformation of one or more of
the hingesmight be linked to the succession of events that repre-
sent a functional cycle. It is striking in this regard that the lasso
lies in close proximity to the Dsl1 subunit’s central hinge, sug-
gesting that engagement of the lasso by a COPI vesicle binding
could influence this hinge and, in turn, control the relative posi-
tioning of Sec39 and Tip20 (Figure 6).
TheDsl1 complex, in addition to binding individual ERSNAREs
via their N-terminal regulatory domains, also binds assembled
SNARE complexes. In this way, it appears capable of remaining
associated with ER SNAREs throughout their functional cycle,
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Figure 5. The Dsl1 Complex Accelerates
SNARE Assembly
(A) Fluorescence polarization experiments were
performed using fluorescein-labeled Sec22 as
described in the Experimental Procedures. An
increase in anisotropy, signifying SNARE complex
assembly, was observed after a 14 hr incubation of
Use1 (stabilized/solubilized by Sec39), Sec20,
Ufe1, and Sec22. The anisotropy of purified
SNARE complexes is also shown. Little change
in anisotropy, as compared to t = 0, was observed
if either Sec20 or Ufe1 was omitted from the
mixture. Error bars represent standard error of
the mean (SEM) for two independent experiments.
(B) SNARE assembly wasmonitored using fluores-
cence anisotropy as a function of time. Details
are provided in the Experimental Procedures.
Error bars represent SEM for three independent
experiments.
as depicted in Figure 6. Moreover, the
Dsl1 complex accelerates SNARE com-
plex assembly in vitro. This acceleration,
though quantitatively modest, is specific
inasmuch as it depends on the integrity
of the MTC. One potential mechanism by
which an MTC might regulate SNARE
assembly is by altering the conformations
of the individual SNAREs. This mecha-
nism seems attractive based on previous
studies of SNARE assembly, which indi-
cated that regulatory domains in some
SNAREs are capable of folding back
upon, and protecting from assembly, the
SNARE motifs (Munson et al., 2000;
Tochio et al., 2001). Tethering factors
that engaged these regulatory domains might thereby deprotect
the SNAREmotifs, accelerating assembly. The addition of Sec39
alone did, in fact, appear to accelerate SNARE assembly
(Figure S5). In a related MTC, the opposite result was obtained:
an individual exocyst subunit, Sec6, was found to bind the
SNARE protein Sec9 and thereby to inhibit the assembly of exo-
cytic SNAREs (Sivaram et al., 2005). Clearly, the regulation of
SNARE conformation and assembly by individual MTC subunits
remains an open question deserving further exploration.
A second, and perhaps the simplest, mechanism by which
the Dsl1 complex might influence SNARE assembly is by
serving as a scaffold, binding simultaneously to two of the four
SNAREs needed to form a stable complex, and possibly helping
to orient them for productive interaction (Figure 6). This mecha-
nism demands that the Dsl1 complex be intact, as suggested by
our results, since it uses different subunits to bind different
SNAREs. Moreover, the flexibility inherent in the Dsl1 complex
might be important, although a priori it is not obvious whether it
would assist or impede assembly. It does seem clear, however,
that additional factors that affected the conformation and/or flex-
ibility of the Dsl1 complex could greatly enhance (or inhibit) its
assembly activity.1126 Cell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc.
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Figure 6. Working Model for Vesicle Tethering via the Dsl1 Complex
The Dsl1 complex is depicted in a space-filling representation, color-coded as in Figure 2A. Evidence for lasso-COPI interactions has been presented by Schmitt
and coworkers (Andag et al., 2001; Andag and Schmitt, 2003; Zink et al., 2009). Although two different conformations of the Dsl1 complex are illustrated, it is not
known whether, or in what manner, the conformation and/or flexibility of the complex are affected by its interactions with SNAREs and COPI.In conclusion, we present here a structural model for an intact
MTC of the COG/Dsl1/exocyst/GARP family. Two of its three
subunits (Dsl1 and Tip20) are homologous to previously reported
structures of individual COG and exocyst subunit fragments,
whereas one (Sec39) displays a novel fold. We demonstrate
that the integrity of the Dsl1 complex is important both for its
function in vivo and for its ability to accelerate SNARE assembly
in vitro. Our analysis also reveals what we believe to be the first
direct evidence for structural flexibility within an MTC. This flex-
ibility takes two forms. First, a mobile lasso for vesicle capture is
presented at the top of the Dsl1 tower. Second, hinge motions
within the body of the tower appear to allow for conformational
changes during a functional cycle. It will be particularly inter-
esting, going forward, to characterize these conformations, their
modulation by other factors, and their specific roles in orches-
trating vesicle capture and fusion.
EXPERIMENTAL PROCEDURES
Protein Production
Full-length S. cerevisiae Tip20 (residues 1–701), Dsl1 (residues 1–754), and
Sec39 (residues 1–709) and fragments Dsl1C (residues 340–754) and Sec20
(residues 1–275, representing the cytoplasmic region) were purified as
described (Tripathi et al., 2009). Sec39 and Dsl1Clactis (K. lactis Dsl1 residues
332–686) were combined for coexpression via pQLinkN (Addgene plasmid
13670) and pQLinkH (Addgene plasmid 13667), respectively (Scheich et al.,
2007). Additional expression plasmids for Sec39 residues 1–392, Sec20 resi-
dues 1–174, Sec20 residues 198–275, Ufe1 residues 240–320, and Sec22 resi-
dues 125–188 were constructed using pProExHTb (Sec20 residues 198–275,
GIBCO) or pQLinkH (all others). The cytoplasmic domain of Use1 (residues
1–212), as well as an N-terminally truncated variant (residues 36–216), were
overproducedwith anN-terminal trigger factor tail using pCold TFDNA (Takara
Bio). Amino acid substitutionswere introduced usingQuikChange (Stratagene)
site-directed mutagenesis. All proteins were overproduced in Rosetta Escher-
ichia coli cells (Novagen) and purified from cell lysates by Ni2+-affinity chroma-
tography. Except in a fewcases (Sec39 residues 1–392, Sec20 residues 1–174,
and Sec20 residues 198–275), histidine tags were removed by rTEV digestion.
Since removing the TF tag from Use1 caused it to aggregate, tag removal (via
Factor Xa) was carried out in the presence of His-tagged (for experiments in
Figure 4) or untagged (for experiments in Figure 5) Sec39. Proteins were then
further purified by ion exchange (MonoS for Ufe1, MonoQ for all others; GE
Healthcare) and size exclusion (S200; GE Healthcare) chromatography. Puri-
fied proteins were stored at 80C in 10 mM Tris, pH 8.0, 150 mM NaCl,0.5 mM Tris[2-carboxyethyl] phosphine (TCEP). The N-terminal peptide of
Use1 (residues 1–35) was synthesized by AnaSpec.
Crystallization and Structure Determination
Crystals of selenomethionine-substituted Dsl1Clactis–Sec39 were obtained by
vapor diffusion at 4C using a 2:3 ratio of protein (4 mg ml1) and well buffer
(0.1 M HEPES, pH 7.5, 10% PEG monomethyl ether 5000, 0.1 M MgCl2, 5%
dimethyl sulfoxide). Streak seeding was required to produce high-quality crys-
tals. Crystalswere cryoprotectedbybrief sequential soaks inwell buffer supple-
mented with 15% and 25%dimethyl sulfoxide. All data were collected at NSLS
beamlineX29andprocessedusing theHKLsuite (Otwinowski andMinor, 1998).
The Dsl1Clactis–Sec39 structure was determined using multiwavelength
anomalous diffraction (MAD) at 2.6 A˚ resolution. Initial phases were calculated
using SHELX (Sheldrick, 2008) and subsequently improved using SHARP (Bri-
cogne et al., 2003). Model building was done in COOT (Emsley and Cowtan,
2004). The model was initially refined with REFMAC (Murshudov, 1997) and
subsequently with PHENIX (Adams et al., 2002). Five TLS groups were refined
for the model, two for Dsl1 and three for Sec39, in conjunction with individual
isotropic B-factor refinement. Two N-terminal helices of Sec39 prior to residue
30 were weakly visible in the electron density map but could not be unambig-
uously assigned to sequence and were therefore omitted from the model, as
was the disordered loop 63–100. Refinement statistics are summarized in
Table S1. Ramachandran statistics were calculated using Molprobity (Davis
et al., 2007).
Structure-based sequence alignment was guided by DaliLite (Holm and
Park, 2000). Molecular graphics were rendered using PyMOL (DeLano, 2002).
Electron Microscopy and Image Processing
Samples were prepared by conventional negative staining with 0.75% (w/v)
uranyl formate as described previously (Ohi et al., 2004). Images were
collected with a Tecnai T12 electron microscope (FEI, Hillsboro, OR, USA)
equipped with a LaB6 filament and operated at an acceleration voltage of
120 kV. Images were recorded on imaging plates at a nominal magnification
of 67,0003 and a defocus value of 1.5 mm using low dose procedures.
Imaging plates were read out with a scanner (DITABIS Digital Biomedical
Imaging System AG, Pforzheim, Germany) using a step size of 15 mm, a gain
setting of 20,000, and a laser power setting of 30%; 23 2 pixels were averaged
to yield a pixel size of 4.5 A˚ on the specimen level.
A total of 7392 Sec39–Dsl1 and 9325 Tip20 particles were interactively
selected from the raw images using BOXER, the display program associated
with the EMAN software package (Ludtke et al., 1999). Using the SPIDER soft-
ware package (Frank et al., 1996), the Sec39–Dsl1 particles were windowed
into 80 3 80 pixel images and the Tip20 particles into 64 3 64 pixel images.
These particles were rotationally and translationally aligned and subjected to
10 cycles of multireference alignment. Each round of multireference alignment
was followed by K-means classification specifying 200 output classes. TheCell 139, 1119–1129, December 11, 2009 ª2009 Elsevier Inc. 1127
references used for the first multireference alignment were randomly chosen
from the particle images.
Protein Binding Experiments
For mapping the interacting regions of the Dsl1 subunits and SNAREs, binding
reactions were prepared bymixing proteins at 6 or 10 mMfinal concentration in
10 mM Tris, pH 8.0, 150 mM NaCl, 0.5 mM TCEP. After incubating at 4C for
30 min, samples were loaded onto a Superose 6 10/30 column (GE Health-
care). Fractions were analyzed using SDS-PAGE or Tricine-SDS-PAGE gels
stained with Coomassie blue.
For SNARE complex assembly in the absence or presence of the Dsl1
complex, equimolar quantities were mixed to yield 10–30 mM concentrations of
each protein in 10mMTris, pH 8.0, 150mMNaCl, 0.5mMTCEP. After overnight
incubation at room temperature, samples were loaded onto a Superose 6 10/30
column. Equal volumes from individual 0.4 ml fractions were analyzed as above.
Yeast Methods
Heterozygous diploid deletion strains DSL1/dsl1D, SEC39/sec39D, and
USE1/use1D (Invitrogen) were transformed withCEN-URA plasmids (pRS416)
containing wild-type copies of the corresponding proteins. Diploid cells were
sporulated and dissected to obtain haploid deletion strains complemented
by CEN-URA plasmids. CEN-LEU plasmids (pRS415) containing either wild-
type or mutant genes were introduced into the appropriate haploid strains.
The transformants were selected againstCEN-URA plasmids on 5-fluoroorotic
acid (5-FOA) plates at 23C.
Fluorescence Polarization Experiments
Sec22 (residues 125–188, S125C) containing a single Cys residue was labeled
with the thiol-reactive 5-iodoacetamidofluorescein (5-IAF, Invitrogen). The
labeling reaction proceeded to completion (>90%) as judged by mass spec-
trometry. Fluorescence anisotropy measurements were performed using
a PTI (Photon Technology International) instrument equipped with Glan-
Thompson polarizers for selection of vertically and horizontally polarized exci-
tation and emission components. Labeled Sec22 was excited at 490 nm, and
the emission was collected at 520 nm with a slit width of 4 nm. Vertical and
horizontal intensities were measured simultaneously.
All experiments were performed at room temperature in 10 mM Tris, pH 8.0,
150 mM NaCl, 0.5 mM TCEP. For experiments in Figure 5B, all components
(10 mM final concentration) except fluorescein-labeled Sec22 were mixed.
Protease inhibitor cocktail (Sigma-Aldrich) at a 1:250 (v/v) ratio was added
as a precaution against protein degradation, after which the fluorescence
intensity was recorded for background subtraction. Fluorescence anisotropy
was measured at a series of time points after adding labeled Sec22 to a final
concentration of 1 mM. The anisotropy value of fully bound Sec22 was esti-
mated using the corresponding pure complexes isolated by gel filtration.
Because protein concentrations were uncertain for the purified complexes,
and background fluorescence intensity was less than 0.5% of the total signal,
background was not subtracted for purified complexes. No significant
difference between emission spectra collected before and after SNARE
complex assembly was observed. The percentage of SNARE complex forma-
tion was estimated as (rtr0)/(rboundr0), where rt, r0, and rbound represent
anisotropy values at the indicated time points, at time zero, and of purified
complexes, respectively. The reported values are the average of three inde-
pendent experiments.
For the experiments depicted in Figure 5A, a 100 ml reaction mixture was set
up. At indicated time points, samples were diluted to 500 ml and measured as
described above. The reported values are the average of two independent
experiments.
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